M. Casado and others Spray, Bennett & Zukin, 1989) . More recently, three cell lines have been shown to express functional NMDA receptors (Younkin et al. 1993; Turetsky, Huettner, Gottlieb, Goldberg & Choi, 1993; Gonoi et al. 1994 ), although they need long and/or complicated differentiation protocols, and express a mixture of NMDA and non-NMDA receptors. Clonal rat phaeochromocytoma (PC12) cells, which are derived from normal medullar chromaffin cells, are widely used as a model system for sympathetic ganglion-like neurones. In the presence of nerve growth factor (NGF), PC1 2 cells undergo mitotic arrest and differentiate both morphologically and biochemically into nerve cells (Greene & Tischler, 1982) . A diverse set of electrophysiological and biochemical changes accompanying NGF-induced differentiation have been documented (see Halegoua, Armstrong & Kremer, 1991 , for review and references). Among the first, NGF-treated PC12 cells become electrically excitable and respond to acetylcholine through neuronal-type nicotinic receptors. Biochemical changes comprise both transcription-dependent and transcriptionindependent NGF-induced actions. NMDA receptor mRNA has been recently reported in undifferentiated and differentiated PC12 cells (Schubert, Kimura & Maher, 1992; Sucher et al. 1993) , although no functional receptors or detectable NMDA receptor proteins were found. In contrast, in patch-clamp experiments we have found NMDA-and glutamate-induced responses in PC12 cells (L6pez-Guajardo, Mellstr6m, Naranjo, Casado & Lerma, 1993) . Since the cloning of the first NMDA receptor subunit (Moriyoshi, Masu, Ishii, Shigemoto, Mizuno & Nakanishi, 1991) , a family of NMDA receptor subunit cDNAs has been described (NMDAR1, NMDAR2A, NMDAR2B, NMDAR2C and NMDAR2D) (see Hollmann & Heinemann, 1994 , for a review). The NMDAR1 subunit presents at least seven isoforms generated by alternative RNA splicing, which differ in functional properties such as sensitivity to modulation by polyamines and protein kinase C (see Zukin & Bennett, 1995 , for a review). NMDAR2 subunits do not form functional homomeric receptors, but their coexpression with the NMDAR1 subunit in Xenopus oocytes or mammalian cells gives rise to larger NMDA receptormediated responses than those due to NMDAR1 homomers (Monyer et al. 1992) . Besides, the four more simple combinations of NMDAR1 plus NMDAR2 are pharmacologically and electrophysiologically distinguishable (Ishii et al. 1993) , and even combinations of three different subunits have been reported to be functional (Wafford, Bain, LeBourdelles, Whiting & Kemp, 1993) . The aim of the present study was to characterize, from a molecular and functional point of view, the NMDA receptors expressed by PC12 cells to get an insight into subunits as well as to evaluate this cell line as a suitable system for further analysis of NMDA receptor expression and function. A preliminary account of these results has appeared (Casado, L6pez-Guajardo, Mellstr6m, Naranjo & Lerma, 1994) .
METHODS
Cell culture PCI 2 cells were continuously grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 6% heat-inactivated horse serum and 6% heat-inactivated fetal calf serum, maintained in a humidified incubator at 37°C and 10% C02. For differentiation, PC12 cells were plated onto poly-D-lysine-coated 35 mm Petri dishes, and treated with 100 ng ml-' NGF during 5 days. For primary hippocampal cultures, cells were mechanically dissociated from hippocampi of rat embryos (embryonic days 17-18) after treatment with trypsin (0'12 mg ml-', 15 min, 37 00) and seeded onto 35 mm Petri dishes previously coated with poly-D-lysine (10 jug ml-') and laminin (4 ug ml-'). Cells were incubated in DMEM supplemented as described (Lerma, Morales, Ibarz & Somohano, 1994) . Experiments were carried out 6 days after plating.
Northern blot analysis Total cellular RNA was isolated by CsCl centrifugation of guanidium thiocyanate lysates from 100 mm Petri dishes. Size fractionation of RNA was achieved by electrophoresis through agarose-formaldehyde gels. Twenty micrograms of total RNA were loaded per lane. 32P-labelled specific cDNA probes were prepared using the random oligonucleotide primer method (Oligolabeling Kit, Pharmacia, Piscataway, NJ, USA). For the NMDA receptor subunits NMDAR1 and NMDAR2C, fragments 1-347 and 1-229 from a low homology region were excised from pN60 (Moriyoshi et al. 1991 ) and pNR2C (Ishii et al. 1993 ) plasmids, respectively. Blot hybridization and washing conditions have been described elsewhere (Lucas, Mellstr6m, Colado & Naranjo, 1993 3'primer 5'-GCAGAGCCGTCACATTCTTGGTTCC-3'(863-887).
Primers used for the C-terminal deletions (labelled 3 and 4 in 5' primer 5'-GAGCCCGACCCTAAAAAGAAAGCC-3' (2876-2899), 3' primer 5'-CGGCAGCACTGTGTUITY GGTT-3' (2996-3019) .
Western blot analysis PC12 cells from 100 mm dishes were harvested in a lysis buffer (20 mm Tris-HCl (pH 7 5) with 0-32 M sucrose, 0-2 mm EDTA, 0 5 mM EGTA, 2 mm phenylmethylsulphonic fluoride (PMSF) and 10 jug ml-' leupeptin) and centrifuged at 103 000 g for 30 min. 
Recording conditions
Currents activated by excitatory amino acids were measured in the whole-cell or outside-out patch configuration of the patchclamp technique using an L/M-EPC7 amplifier. Cells were rapidly perfused by a fast perfusion system (see Lerma, 1992 exons /, and y (Fig. 2C ). With these conditions, a 144 bp amplified band corresponding to the presence of the isoform containing both segments ,1 and y was observed (Fig. 2C) NMDA were applied in the absence of added glycine (see Lerma, 1992 receptor activation, intermediate rates of activation were achieved by using low concentrations of glutamate and glycine. Both the onset and offset of current relaxations were well fitted by single exponentials (Fig. 6A and C) . Onset but not offset rates were concentration dependent and rate values for glycine and glutamate were much slower than the deactivation rate observed upon NMDA washout (Twash5 30-40 ms; Fig. 6C (Fig. 7) . The first of these populations comprised 75% of the analysed cells, and had a mean single-exponential decay (Toff) of 0-96 + 0-19 s. Twenty-five per cent of the cells showed slower 'off' rate constants (Toff = 1 56 + 0 40 s) suggesting an even higher affinity for glutamate. Run-down of NMDA receptors has been frequently reported as a loss of activity due to washout of intracellular components during whole-cell recording (Rosenmund & Westbrook, 1993) . In order to study this phenomenon in our experimental system, we measured the response to a saturating amount of agonist plus glycine over a long time period after establishing the whole-cell configuration. In the measured time range (from 1 to 52 min) we found no A NMDA~~1~~I ' Interval (s) (Aizenman, Lipton & Loring, 1989) . Recently, redox sensitivity has also been found in different recombinant NMDA receptors (K6hr, Eckardt, Liiddens, Monyer & Seeburg, 1994 was accounted for by a decrease in both subconductances to 39-2 + 3 0 and 19-3 + 041 pS, respectively (n = 3). In contrast, no changes were observed in opening probability or mean open time (0-48 + 0 09 ms; n = 3). Given the very brief open time and the low open probability, the number of channels per patch was difficult to calculate. Double openings were never observed, but a high percentage (>80%) of the excised patches displayed channel activity, suggesting uniform distribution of NMDA receptors as well as a relatively high densitiy. We also studied the effect of glycine and the desensitization properties of receptors in excised patches. Added glycine resulted in an increase in open probability, without affecting conductances or open time distribution. More surprisingly, unlike the phenomenon observed in patches excised from hippocampal neurones, where desensitization markedly increased after excision of the patch (Fig. 10 ) (cf. Sather et al. 1990 ), we still found no desensitization in outside-out patches excised from PC12 cells in the presence of glycine (n = 9).
DISCUSSION
Our results demonstrate that PC12 cells express functional NMDA receptors probably formed by the combination of subunits NMDAR1 and NMDAR2C. NMDAR1 subunits lack the N-terminal insertion, while the four possible combinations from the two C-terminal splice sites are present in this cell line. hi I necessary for the expression of functional channels in mammalian cells (Monyer et al. 1992 ). In such a case, the availability of NMDAR2C subunits would be a limiting step for the formation of functional heteromeric receptors. However, the number of functional NMDA receptors in PC12 cells is not negligible. If we take the slope of the regression line in Fig. 1 C to calculate the conductance per unit of membrane (pF), a density of about one functional NMDA receptor-channel per square micrometre could be estimated, independently of the degree of differentiation (assuming a specific membrane capacitance of 1 1sF cm-2, 42 pS as the mean single-channel conductance and 0-001 as the open probability). Such a density indicates the presence of at least 1000 NMDA receptors in an undifferentiated cell, suggesting that PC12 cells express a number of NMDA receptors comparable with other channels. For instance, the density of M-channels in PC12 cells has been estimated to be lower, approximately 0-27 channels per square micrometre (Villarroel, 1992 (Lerma et al. 1990) , and channel block by PCP (Lerma, Zukin & Bennett, 1991) and Mg2+ (Mayer & Westbrook, 1987; Ascher & Nowak, 1988 (Lerma et al. 1990 ; Sather et al. 1990 ). In PC12 cells, desensitization of NMDA receptors was fully abolished by glycine and there was no evidence for glycine-independent desensitization. Glycineindependent desensitization is very obvious in excised outside-out patches as compared with whole-cell currents (Benveniste et al. 1990; Sather et al. 1990 Benveniste & Mayer, 1993 oocytes. The absence of the N1 splice insert in NMDAR1 is needed for glycine-independent polyamine potentiation, while NMDAR2B is a permissive subunit for that effect in heteromeric combinations (Zukin & Bennett, 1995 (Gibb & Colquhoun, 1992 
